Optical fibers are finding increased usage in biomedical applications, during which the fibers are often subjected to bending. Bending optical fibers can affect transmission properties and increase the likelihood of failure. In this paper the bending of fibers is discussed in relation to biomedical and sensing applications.
INTRODUCTION
Optical tools, such as the endoscope, have been used in medical applications for more than 100 years 1 . The somewhat more recent development of low-loss optical fibers, primarily for telecommunications applications, has assisted the conception and manufacture of a whole range of new devices used in biomedical applications [1] [2] [3] . Optical fibers are used for example in the delivery of high optical power, in imaging, sensing and many other emerging applications such as nerve stimulation [4] [5] .
The ability to access difficult locations is one of the many advantages of optical fibers for biomedical applications. To do this, however, the optical fibers often need to be bent. While fibers are generally flexible, bending to a tight radius can degrade optical properties and at worst lead to failure. The commercial success of fiber optic gyroscopes and the growth of fiber-to-the-home (FTTH), in which tight bend diameters are often experienced in installation, has led to the development of low bend loss fiber in order to reduce the overall size of devices 6 . In some cases the diameter has also been reduced. The availability of these fibers may offer some advantages for biomedical applications.
Past work on optical fibers for biomedical use has tended to focus on the ability of the device to perform its intended task under ideal conditions. However, the environment in which the device operates can have a significant influence on performance and lifetime. Careful testing therefore needs to be undertaken to make sure that the environment of interest does not degrade the instrument or adversely affect the structure in which the instrument is being used. The temperature, pH, ionic components and concentration encountered in the human body present a unique set of environmental conditions. Simulated bodily fluid (SBF), with a pH of 7.4 and an ion concentration almost equal to human blood plasma, provides a standardized means for evaluating material properties aimed at biomedical applications [7] [8] .
In this work, several performance and reliability characteristics of optical fibers are discussed in relation to their use in biomedical applications. The first section discusses the transmission losses of optical fibers due to bending and the performance improvement of low bend loss fibers in applications where tight bends are encountered. The following section concentrates on the effect of bends on one of the most well known optical fiber sensor types, the fiber Bragg grating (FBG). The final section discusses the long term performance of optical fibers when used in a biological environment. The aim of this paper is to highlight some of the underlying design constraints for developers of biomedical devices.
TRANSMISSION LOSSES DUE TO BENDING
It is well known that when standard weakly guiding optical fibers are bent to relatively small diameters the performance is compromised with less light transmitted as the bend diameter decreases [9] [10] . For optical fibers used in biomedical applications this can degrade the performance, such as reduced power at the fiber output in high power delivery systems and signal loss/degradation in sensor systems. One potential way around this problem is to operate the system at smaller wavelengths as the loss is typically wavelength dependent with smaller wavelengths having relatively less loss for the same bend diameter. An example of how the operational wavelength affects the bend performance of a common telecommunications grade fiber (Corning SMF-28) is shown in Figure 1a . The data in this figure are for a single 180°
Decreasing bend radius bend. In many applications, however, this is not possible as either the wavelength is fixed by the application, fiber type or cost considerations (due to light sources or detectors, for example).
A number of different low bend loss fiber designs are commercially available, some of which have reduced cladding diameters (e.g. 50 and 80 μm compared to the more standard 125 μm). Figure 1b shows a comparison of the bend performance of Corning SMF-28 and a low bend loss fiber (Newport F-SBC), tested at 1552 nm with a single 180° bend. Significant improvement in bend performance is achieved by the low bend loss fiber. 
FIBER BRAGG GRATINGS AND BENDING
Optical fiber Bragg gratings (FBGs), which can be described as intrinsic wavelength selective filters, have been developed and utilized for a wide range of sensing purposes 11 , including biomedical applications [12] [13] [14] . Given the space limitations and access difficulties that often characterize in vivo applications, the probability that FBGs used in biomedical applications will be subject to bends cannot be discounted. Despite their widespread use in telecommunications and sensing there have been only limited reports of the effects of bends on the properties of FBGs [15] [16] . In order to further understand FBG bend effects we have measured the spectra of FBGs written in several different fiber types when bent to relatively small bend diameters.
The FBGs used in bend studies were written in H 2 presensitized fibers with 244 nm light using a phase mask. The writing parameters were controlled to provide gratings with lengths between 2 -3 mm and transmission losses of 9 to 12 dB, at Bragg wavelengths close to 1550 nm. To investigate if the fiber type in which the FBGs were written affects the bend performance, gratings were tested in a number of fiber types, including SMF-28 and the F-SBC low bend loss fiber. The sections of acrylate jacket removed for grating writing were re-coated with a UV-curable polymer prior to testing to help improve mechanical durability. Transmission and reflection spectra were recorded as a function of bend diameter for 180° bends, using a swept laser system (JDS Uniphase, SWS15102/SWS15101, resolution 0.003 nm). An example of the change in transmission spectra of a FBG in F-SBC fiber as a function of bend diameter is shown in Figure 2a , for bend diameters of 30 mm to 8 mm. The data has been plotted with a 1 dB offset between successive reductions in bend diameter to help with comparison. Using such data various characteristics of the spectra were measured: Bragg wavelength, Bragg transmission loss and FWHM. Figure 2b shows an example of the relative shift in the Bragg wavelength as a function of 180° bend diameter for gratings written in SMF-28 and low bend loss fiber. The relative Bragg wavelength shift is much greater in the low bend loss fiber than the SMF-28 and shows a reduction in wavelength while the trend for SMF-28 is less clear.
OPTICAL FIBER FATIGUE IN BIOLOGICAL MEDIA
The reliability of optical fibers has been studied extensively due to their widespread use in telecommunications, where interest lies in determining how long fibers will remain serviceable in the installation environment 17 . When an optical fiber is subjected to a stress above its intrinsic strength, a virtually instantaneous breakage/failure will occur. In addition glass has also been found to exhibit delayed failure when subjected to stresses less than its ultimate strength, often referred to as static fatigue. In the case of static fatigue the failure time has been found to depend upon a number of factors including fiber surface quality, the magnitude of the applied stress, coating material and environmental factors such as the presence of moisture and temperature.
The majority of tests carried out to investigate the effects of moisture on optical fiber fatigue have used basic laboratory grade water (e.g. distilled water). While there have also been a number of reports of fatigue studies in other media [18] [19] [20] , reports on fatigue testing in biological media are scant 21 . In many biomedical applications optical fibers will be subjected to temperatures above ambient, and increased temperature tends to speed up failure times due to static fatigue. Improvements in static fatigue performance have been observed by varying the material used to coat the surface of the fibre [22] [23] .
We have studied the static fatigue properties of a number of commercially available optical fiber types in a simulated bodily fluid 7 (SBF) and in ultrapure water (Millipore, Milli-Q academic system, 18.2 MΩ.cm resistivity) for comparison. Testing has been performed at a range of temperatures including body temperature (37°C) using the two point bending technique with glass tubes of known internal diameter 24 . Figure 3a shows Weibull plots of SMF-28 optical fiber bent to a diameter of 3.22 mm (applied stress ~3.8 GPa); at both room temperature and body temperature in SBF and also in ultrapure water. Figure 3b shows the failure times of three different types of optical fiber in SBF at 37°C as a function of applied stress (for bend diameters in the range of 2.85 to 3.8 mm). The fiber types shown are: SMF-28 (acrylate coating), polyimide coated fiber (Stocker Yale, SM-1310-P1) and silicone clad fiber with a nylon coating (CeramOptec Optran PWF). Each data point is the mean of ~30 tests with error bars corresponding to one standard deviation. 
DISCUSSION AND CONCLUSION
When used in biomedical applications, optical fibers are often subjected to conditions that can potentially degrade their performance. In this work we have provided information on the effects of tight bends, which can be experienced by fibers when used in vivo, on several fiber characteristics. While the results presented are largely focused on single mode optical fibers, commonly used in sensing applications, further testing on other optical fiber types is currently underway.
Reductions in transmission losses of fibers due to bending can be achieved through appropriate selection of wavelength and fiber type. Indeed the low bend loss and small diameter optical fibers now available may provide a number of advantages in biomedical applications. While we have shown that FBGs can be written into low bend loss fibers, it appears that the Bragg wavelength shifts when bent to small diameters. Further work is underway to determine the cause of this bend dependence. The fatigue properties of a number of optical fibers have been presented for a simulated biological environment for a range of applied stresses. Results show how the failure time depends upon the type of fiber coating used. Further work is underway to investigate other optical fiber types, coatings, and temperature effects.
